I. INTRODUCTION
Ferrites as nano powders, thin films, and in bulk form are among the most studied materials. Recently, ferrite nanoparticles are being intensively investigated for potential applications in medicine, primarily for magnetic hyperthermia, drug delivery, and as contrast agents in diagnostics by magnetic resonance imaging (MRI). 1, 2 Ferrites can also be applied in electronic devices or as catalysts. 3, 4 The different applications strongly depend on specific characteristics of nanoparticles, such as particle size and size distribution, as well as their magnetic characteristics at room temperature.
Here we report results of a study of nanocrystalline Mn substituted Fe 3 O 4 with focus on particle structure and room temperature magnetism. From a structural point of view parent Fe 3 O 4 crystallizes in the cubic spinel type structure, space group Fd 3 m. In this structure cations occupy two different nonequivalent crystallographic positions (8b and 24d). It is known that in nanomaterials cations can often be distributed between the two sites against their preferences, forming metastable structures. During the annealing process that increases the particle size, cations migrate to different positions and their distribution becomes stable, in accord with the cation preferences. 5 Cation distribution strongly influences magnetic properties of oxide spinels, because the superexchange interaction is a dominant type of magnetic interaction. 6 Cation substitution in the spinel structure opens up a possibility of enhancing the magnetic properties by changing the chemical composition. An additional channel for variation of physical properties is the incorporation of polyvalent cations (e.g., Mn, Co) although this strategy often results in deviation from ideal stoichiometry. 7 In spinel compounds Mn is mostly found to be in þ2, þ3 (Refs. 8 and 9) or in þ4 (Ref. 7) valence state, while iron is typically in þ2 and þ3 state. Different methods are applied for the determination of the oxidation state such as X-ray photoelectron spectroscopy (XPS), electron energy-loss near edge structure (ELNES), or the analysis of cation-anion bond lengths. High-energy ball milling (HEBM) is known to induce chemical reactions in powder mixtures, a process usually termed mechanochemistry. On the other hand, using lower energy ranges during the ball milling of solid/liquid mixtures results in homogeneous dispersion of fine particles without changes being introduced to the starting phases. HEBM) has been used as a suitable method to obtain binary, mixed or nanocomposite ferrites with spinel structure. Both HEBM usually result in a large density of crystal defects in the final samples, which can, in turn, lead to unexpected magnetic properties of these nanostructured materials. Usually, in HEBM procedures the starting compounds are oxides. Recently, "soft mechanochemical synthesis" based on milling the solid acids, bases, hydrated compounds, and crystal hydrates has been used. 10 By this route Mg-ferrite, 11 Mn-ferrite, 12 The aims of this work are: i) to use soft mechanochemistry to synthesize Mn-substituted magnetite, ii) to characterize its crystal structure and microstructure, iii) to study the oxidation state of the cations by using complementary techniques, and iv) to investigate the magnetic properties at room temperature using magnetization and Mössbauer spectrum data. , respectively. The intensity of milling corresponded to an acceleration of about 10 times the gravitational acceleration. The milling vessels were opened every hour for removing the water vapor overpressure, since the temperature of the vessel was over 120 C during the milling process. Overpressure of gases in the vessel reduced the efficiency of milling, especially in the case of water vapor where the effect of soft milling also emerges, additionally reducing the efficiency of obtaining the spinel phase.
B. Sample characterization X-ray powder diffraction (XRPD) data of the powders treated for various periods of time (milling times) were collected on a Stoe h-h diffractometer with CuKa 1,2 radiation and a secondary monochromator. To take into account the instrumental broadening, the XRPD pattern of a standard LaB 6 was fitted by the convolution to the experimental TCH pseudo-Voigt function.
Transmission electron microscopy (TEM) images were obtained using a thermoionic 200 kV Tecnai T20 microscope operating at an accelerating voltage of 200 kV. Electron microprobe analyses were obtained using a JEOL JSM-6610LV scanning electron microscope (SEM) connected with a INCA energy-dispersion X-ray analysis (EDX) unit. Acceleration voltages of 30 kV and 20 kV were used for the images and the analyses, respectively.
Hysteresis loops were measured at room temperature on an MPMS XL-5 SQUID magnetometer.
Mössbauer spectroscopy measurement was performed in transmission geometry using a 57 Co c-ray source in the Rh matrix. The velocity scale was calibrated relative to standard natural iron foil. XPS measurements were performed with a Kratos HSi spectrometer with a hemispherical analyzer. The monochromatized Al Ka X-ray source (E ¼ 1486.6 eV) was operated at 15 kV and 15 mA. For the narrow scans, analyzer pass energy of 40 eV was applied. The hybrid mode was used as a lens mode. The base pressure during the experiment in the analysis chamber was 4 Â 10 À7 Pa. To account for charging effects, all spectra have been referred to C 1s at 284.5 eV.
III. RESULTS AND DISCUSSION
A. Structure and microstructure
The crystal structure of the sample was refined by the Fullprof software package. 13 In the obtained diffraction pattern all reflections were indexed in the S.G. Fd 3 m except for two low intensity reflections at $33. 1 and $44 (2h) positions of which can be attributed to hematite (a-Fe 2 O 3 ) and iron, respectively. Quantitative composition of the sample was obtained from the Rietveld refinement of a three-phase system to be: 96.5 wt. % of the spinel phase, 2.5 wt. % of a-Fe 2 O 3 , and 1 wt. % of pure Fe (contamination of used steel vial in the mechanochemical synthesis). Figure  1 shows the results of the Rietveld refinement with a comparison between observed and calculated intensities.
The cation distribution between 8a and 16d crystallographic sites was investigated by the refinement of the occupation numbers (N). The refined values of N point out to a non-stoichiometric (Mn,Fe) 3 based on either the evaluation of the integral breadth of the line profiles (Scherrer method) or of their Fourier representations. 16 In the Fullprof computer program X-ray line broadening was analyzed by the refinement of regular TCH-pV function parameters (isotropic effects). It was found that the average apparent size is 15 nm and that the average maximum strain is 47 Á 10 TEM was used to study particle size/size distribution and morphology. Figure 2 shows a typical image of the particles. The particle size distribution is broad with particle size from 10 to 30 nm. The particles are nearly spherical in shape with faceted morphology. It can be seen that the mean particle size is close to the value obtained from X-ray line broadening analysis, indicating that on average one grain is composed of one crystallite.
B. XP-spectroscopy for the determination of the cation valences
The high resolution XPS data reveal iron to be present in trivalent state with binding energy values of 710.4 eV for Fe 2p 3/2 and 723.8 eV for Fe 2p 1/2 , Fig. 3(a) . The satellite peak of Fe 2p 3/2 is located approximately 8.1 eV higher than the mean peak. This is in accordance with Fe 3þ discussed in the literature. 
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The binding energy value for the main Mn 2p 3/2 at 640.9 eV (Figs. 3(b) and 3(c) ) is typical for tetrahedral Mn 2þ ions in MnFe 2 O 4 . 19 However, the Mn 2p 3/2 peak shows a significant shoulder at the low energy side which cannot be fitted properly using only Mn 2þ as single species. Analyzing the peak in more detail would even allow to fit three different oxidation states, Mn 2þ (639.7 eV), Mn 3þ (641.0 eV), and Mn 4þ (642.5 eV). Additionally, the evaluation of the Mn 3p spectrum (Fig. 3(d) ) cannot exclude the presence of two Mn in two different oxidation states.
The composition of the surface is composed of about 20 at % Mn and 80 at % Fe. The similar ratio Mn/Fe was found by EDX (17 at % Mn and 83 at % Fe) and XRD (19 at % Mn and 81 at % Fe).
C. Mö ssbauer spectroscopy Figure 4 displays the Mössbauer spectrum of (Mn,Fe) 3-d O 4 sample recorded at room temperature (RT). The spectrum could be fitted well with four components, associated to different configurations of sites A and B in the spinel-type crystalline lattice. The hyperfine parameters obtained from the fitting procedure (see Table I ) are close to those previously observed for Mn-substituted ferrite above the Verwey temperature. 20 A distribution of magnetic sextets, Voigt-based profile analysis, was used to fit the spectrum. In agreement with the XRPD analysis, it was found that manganese substituted Fe ions on both A-and B-sites. The presence of four sextets (assigned to iron ions on A-and B-sites) confirmed this partial population of Mn and Fe ions at both sites for (Mn,Fe) 3 sites. It is well known that at RT the electron hopping effect takes place between Fe 2þ and Fe 3þ ions on B-sites (with hopping times $10 À12 s at 294 K). According to E. Schmidbauer et al., if the concentration of cation vacancies becomes significant, the hopping time can be increased (>10 À8 s), or even this effect can be suppressed. 22 In our case, the situation becomes more complicated because of additional presence of manganese ions on both sites, and possible electron hopping between Mn 2þ and Fe 3þ ions. 23 The presence of Mn 3þ ions on B-sites, which are strongly Jahn-Teller active ions, could further distort local surrounding on B-sites, giving rise to increase of the linewidth of B components. Observed increase in broadening of the corresponding sextet lines can also be connected with the presence of cation vacancies and chemical disorder in the sample. The presence of cation vacancies on A-and B-sites decreases the strength of magnetic coupling between Fe ions at B-sites, as reflected in the decrease in the hyperfine field value of B components (see Table I ). A small amount (approx. 2.7%) of a-Fe was also detected (component B5, average H hf ¼ 332 kOe and IS ¼ 0.00 mm/s), which can be attributed to contamination from the hardened steel vials during milling. It is worth noting that the observation of an additional doublet is likely to be associated with the small amount of a-Fe 2 O 3 detected from XRPD, that should display superparamagnetic behavior at room temperature due to the nanometric size of the particles present. Fe nuclei. Accordingly, room temperature Mössbauer spectra showed magnetic order. Usually mechanochemicaly prepared samples are characterized with broad size distribution of particles. It is well known that blocking temperature depends on particle size. Consequently, it is the expected co-existence of both superparamagnetic and ferromagnetic phases in (Mn,Fe) 3 25 The origin of the magnetization enhancement can be specific cation distributions, shell contribution, nonstoichiometry, ions polyvalence, defects, parasitic phases, or different types of anisotropies.
Cation distribution usually deviates in nanosized samples from the one expected for the bulk counterpart that can lead to magnetization enhancement/reduction. The intensity of exchange interactions (8a-16d, 8a-8a, and 16d-16d) is determined by cation occupancies, so that the net magnetization depends on the cation distribution. For MgFe 2 O 4 nanoparticles prepared by the same route as the nanoparticles studied in this work, it has been reported that magnetization enhancement was determined by the final distribution of magnetic ions. 26 The influence of the particle shell with arranged or disordered magnetic moments is a next contribution to the overall magnetization value. Taking into account that each ion contributes to the net magnetic moment, magnetization depends on quantity and oxidation state of Fe and Mn. In addition, magnetization value is influenced by magnetic disorder caused by defects in the interior of the particles, parasitic phases, shape, and surface anisotropy. 
IV. CONCLUSIONS
We demonstrated that the soft mechanochemistry is a suitable synthesis route to obtain Mn substituted magnetite, with good magnetic performance at room temperature. Superparamagnetic behavior at room temperature and a large saturation magnetization were observed in the sample. By combining XRPD, Mössbauer spectroscopy, and XPS it was possible to verify different compositions at the surface and in the core of ferrite particles. XPS analysis showed that cations Fe 3þ and Mn 2þ , Mn 3þ , and Mn 4þ were distributed at the particles surface. However, the analysis of the Mössbauer spectrum collected at room temperature indicated iron valence of both þ2 and þ3. By XRPD and EDX the overall chemical composition in the core and in the interior of the particles was determined to be (Mn,Fe) 3-d O 4 (d ¼ 0.15). Although the Mn/Fe ratio at surface and in the interior of particles is not greatly different, difference in cation oxidation state points to a different chemical composition on the particle surface and in the core.
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